An impedimetric label-free genosensor for high sensitive DNA detection is developed. This system is based on a screen-printed carbon electrode modified with thionine layer and iridium oxide nanoparticles (IrO2 NP). Aminated oligonucleotide probe is immobilized onto the IrO2 NP/polythionine modified electrode and ethanolamine was used as a blocking agent. Different diluted PCR amplified DNA samples have been detected. The selectivity and reproducibility of this system is studied and the system was high reproducible with RSD ≈ 15 % and sensitive enough while using 2% of ethanolamine during the blocking step employed for the genosensor preparation.
Introduction
In the field of biosensors electrochemical impedance spectroscopy (EIS) becomes especially well-suited for the detection of binding events which take place on the electrode's surface [1] [2] [3] .
This capability to discriminate small changes on surfaces makes EIS capable of detecting interactions of biomolecules close to the surface of the electrodes, and hence enabling a label free detection of a biomolecules thanks just to the changes caused by them due to the biological recognition event. 3 Specially, impedimetric label free DNA genosensors based on nucleic acid hybridization have received considerable attention due to screening of samples in research of specific DNA sequences related to a specific disease, or state of risk and represent a powerful tool in the field of diagnosis. [4] [5] [6] . They offer great advantages due to simplicity, speed, miniaturization, sensitivity, selectivity and low cost for detection of desired DNA sequence or mutant genes. 5, 7 The EIS response depends on the modifications of the electrode surface and the interaction of the analyte with the specific recognition elements. Such alterations affect the capability of the redox indicator to reach the electrode surface and consequently its redox conversion. In this way the charge transfer may either increase or decrease. In this type of measurements becomes of special importance the nature of the electrode surface, which determines in great deal the electron transference between the electrode and the redox indicator. It is common to find in the bibliography examples of electrode surface modifications by electropolymerized layers or selfassembled monolayers, in order to enhance the electron transfer between the electrode surface and a redox indicator 8 . With this aim, polythinoine layers have been reported to be used for proper modifications of sensors. 9, 10 The immobilization of the single strand DNA (ss-DNA; to be used as receptor) has been studied over a variety of substrates/ electrodes using various methods such as adsorption, covalent coupling and entrapment [11] [12] [13] [14] . However, various issues like poor compatibility of immobilizing materials onto the transducer, poor binding of DNA, creation of inactive or poor conducting layers and less surface area including poor stability were raised. 15, 16 Nanomaterials including metal nanoparticles, nanowires, nanorods, carbon nanotubes, and graphene have been successfully used in impedimetric biosensors to amplify detection signal and achieve lower detection limit due to their high surface area, favorable electronic properties and electrocatalytic activity as well as good biocompatibility induced by the nanometer size and specific physicochemical characteristics 17 . Nanoparticles, due to their small size, display interesting properties at the nanoscale level. First, due to their shape and size they can increase the surface area. Second, thanks to the electrostatic interactions they can be adsorbed or attached onto different surfaces. Third, thanks to the functional groups on their surface, they can be used as anchor points for other molecules 18 .
Here we exploit the iridium oxide nanoparticles (IrO2 NPs) deposited over a polythionine layer which has been electro polymerized onto the carbon transducer with the aim to enhance the properties of the sensor for the detection of amplified DNA. IrO2 NPs has proved to be good candidates for being applied in biosensing platforms, especially thanks to the citrate groups they present on their surface. The citrate groups allow tailoring of different biomolecules thanks to the non-covalent bond formation between with amino groups on the biomolecule. 19, 20 The platform developed shows good performance for electrochemical sensing of PCR amplified DNA of dog affected by leishmania, this target is used as a proof a concept. Different dilutions of PCR amplified DNA samples are detected showing high sensitivity while detecting up to 1000 times diluted samples. The system offers the possibility to be applied for diagnostics based on DNA detection, as the pathogen detection (or infectious disease) both in veterinary and human file.
EXPERIMENTAL Apparatus
Electrochemical experiments were performed using an electrochemical analyzer Autolab 20 (EcoChemie, The Netherlands) which was connected to a personal computer using a software package GPS 4.9 (General Purpose Electrochemical System). Impedance measurements were performed by using an Autolab302 potentiostat/galvanostat/frequency-response analyzer PGST30, controlled by GPES/FRA Version 4.9. A semi-automatic screen-printing machine DEK248 (DEK International, Switzerland) was used for the fabrication of the screen-printed carbon electrodes (SPCEs).
Reagents and solutions
The reagents used for SPCEs fabrication were: Autostat HT5 polyester sheet (McDermid Autotype, UK), Electrodag 423SS carbon ink, Electrodag 6037SS silver/silver chloride ink, and 
Synthesis of iridium oxide nanoparticles
Potassium hexachloroiridate-(IV) 2.6x10 -5 M solution was mixed with sodium hydrogencitrate 1.6x10 
PCR amplified products
The samples used in the study are PCR amplified products of extracted DNA as described in Francino et al 2006. 21 Briefly, for the DNA extraction, peripheral whole blood was washed in TE buffer pH 8.0
to disrupt the erythrocyte membranes until the leukocyte pellet was white. Leukocytes were then lysed by incubation of the pellet in 0.1ml of PK buffer (50mM KCl, 10mM Tris pH 8.0, 0.5% Tween-20 and 23µg of proteinase K) at 56ºC for 5h. Before running the PCR the proteinase K was inactivated by incubation of the samples at 90ºC for 10min. DNA was then diluted 1/5 in water.
The PCR amplification Leishmania, is the target used as a proof of concept for the developed system. TaqMan The PCR amplified DNA of dog with Leishmania (140 bp) was used to perform the hybridization instead of commercial oligonucleotide target using the same experimental condition as those used for commercial oligonucleotide. Before the hybridization, the PCR amplified DNA was denatured by heating at 95ºC for 5min followed by immersing in ice until the use. The experimental control was performed using PCR amplified DNA of dog without Leishmania (blank).
Electrochemical measurements
The electrochemical measurement was performed by electrochemical impedance spectroscopy (EIS) in Nyquist diagrams were also recorded. Electrochemical experiments were carried out at room temperature.
RESULTS AND DISCUSSION
Electrochemical impedance spectroscopy (Figure 1 ) and cyclic voltammetry ( Figure S1 ) were used for the characterization of each fabrication step of the genosensor. Impedance data is usually studied using an equivalent circuit which helps understanding the behavior of the electrode-electrolyte interface onto the biosensor surface. 2 The observed high electron transfer rate ( Figure 1A and Figure S1 A) indicates that the redox mediator doesn't face any obstacle while reaching the surface of the bare electrode. Nevertheless, when the electrode is modified by electrodeposited polythionine layer, the Rct value decreases and a capacitive behavior is observed ( Figure 1B and Figure S1B ). This demonstrates that the polythionine layer is well deposited and it enhances the electron transfer. However, once IrO2 NPs are adsorbed onto the modified electrode, a well-defined semicircle ( Figure 1C ) and a decreasing of the ΔE of around 20 mV ( Figure   S1C ) were observed. The improvement of the change transfer was probably due to an electrode effective area increases (see SEM images of Figure 2 ) and the redox activity of the IrO2 NPS. 19, [22] [23] [24] After the oligonucleotide capture probe was attached to the IrO2 NPs a charge transfer increase is observed ( Figure 1D and Figure S1D ). The negative charges surrounding the IrO2 NPs allow the attachment of the positively charged amino groups through non-covalent bonding. The charge transfer increase is due to negative charge from oligonucleotide capture probe that acts as an electrostatic barrier between SPCE/PTH and the redox indicator. The blocking effect of ethanolamine was evidenced by a decrease of charge transfer ( Figure 1E and Figure S1E ). The hybridization of DNA target with the capture probe represents a greater obstacle to the redox mediator due to the negative charge of phosphate backbone of DNA ( Figure 1F and Figure 1SF ).
The Rct values obtained from Nyquist plots after each surface modification step of the proposed system are shown in Figure S2 of SI. On the basis of the charge transfer kinetics of the [Fe(CN)6] 3/4 (redox probe), the faradaic impedance spectra were modelled using the equivalent circuit approach of Randles model modified with Warburg impedance (Figure S2 , inset).
The morphological characterization of IrO2 NPs was studied. Figure 2A X-ray photoelectron spectroscopy and UV-visible spectrophotometry studies also were performed (see Figure S3 and S4). Figure S3 shows the survey XPS analysis ( Figure S3A ) and high-resolution XPS spectra of the Ir 4f and O 1s regions ( Figure S3B ). The XPS spectra of the Ir 4F region revealed two main features with signals at 62.5 and 65.3 eV, which correspond to Ir 4f 7/2 and Ir 4f 5/2 orbitals, respectively. Furthermore, the O 1s region shows two features. The position of the main feature is around 532.5 eV that is similar of O 1s observed in standard IrO2 single crystal, 25 the additional feature present the binding energy of 530.2 eV. The UV-Vis spectra reveals a characteristic peak of Ir(IV) oxides with a maximum around 580 nm ( Figure S4 ). These results are in good agreement with high oxidation state 4 + of iridium reported before. 19, 24, 25 The morphological modification of SPE are also studied using scanning electron microscopy (SEM)
image. Figure 2B shows a SPE after activation step using H2SO4, while Figure 2C displays the polythionine layer as a thin film smoothing the SPE surface. Finally in Figure 2D , the distribution of the IrO2 NPs (brighter dots) onto the SPE / polythionine are observed. Backscatter electrons mode was used for the enhancement of the contrast between IrO2 NPs and SPE/polythionine surface.
Different dilutions of PCR amplified DNA (1:10, 1:100 and 1:1000) were detected using the system described above. The Rtc values were recorded as a function of PCR amplified DNA (see Figure S5 A) showing lower impedance values for more diluted samples. These results demonstrate that the system is suitable to detect DNA but with a relatively poor reproducibility (RSD of 26%).
Selectivity is a very important parameter to be considered for DNA genosensors. To evaluate the selectivity of this system, PCR product of dog with (positive) and without (blank) Leishmania were compared. Blank diluted 1:10 had a signal comparable to the positive sample diluted 1:100. (see Figure   S5B in the supporting information). To improve the selectivity and the reproducibility of this system, the blocking step during genosensor fabrication was modified using 2% of ethanolamine instead of 0.1%. The resulting data are shown in Figure 3A . The Rct values are quite different for the different dilutions of the PCR product (RSD of 15%) therefore we could say that this system is more sensitive.
A good selectivity of the genosensor toward DNA detection also was evidenced by the neglected responses toward blank (see Figure 3B) while the difference between capture probe and blank was of 0.09 kΩ.
CONCLUSIONS
A simple and sensitive platform for the impedimetric label free genosensor taking advantage of conventional screen printed carbon electrode (SPCE) modified by polythionine and IrO2 nanoparticles is developed. Although the SPCE electrodes have several advantages such as low cost, miniaturization, mass production, etc. they are not directly suitable as such for impedimetric label free detections, mainly because they present a high resistivity and rough surface. In order to overcome these limitations a polythionine layer was electrodeposited on the surface of the working electrode. This modification at the same time decreases the roughness and increases the conductivity of the working electrode.
Furthermore, the IrO2 NPs show suitable redox properties in addition to the capability to attach the bioreceptor thanks to the surrounding citrate groups used as capping agent. Moreover, regarding the adsorption of capture DNA probe, the blocking procedure and hybridization steps have been optimized.
To improve selectivity, reproducibility and sensitivity the concentration of ethanolamine used as blocking agent was optimized and found to be 2%(v/v) the optimal concentration level. This new genosensor is able to detect up to 1000 times diluted samples of PCR amplified DNA. for the blank and positive samples respectively, and 2% ethanolamine during the blocking step was used.
